Carbohydrate Research, 117 (1983) 1-11
Elsevier Science Publishers B.V., Amsterdam ~ Printed in The Netherlands

CYCLODEXTRIN GLYCOSYLTRANSFERASES FROM Klebsiella pneu-
moniae M 5 al AND Bacillus macerans: QUANTITATIVE ANALYSIS BY
HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY OF THE (1-4)-a-
D-GLUCOPYRANOSYL TRANSFER-PRODUCTS FROM SOME LINEAR
AND CYCLIC SUBSTRATES

HANSBENDER

Institut fiir Organische Chemie und Biochemie der Universitit Fretburg i.Br., D-7800 Freiburg i.Br.
(West Germany)

(Recerved October 14th, 1982; accepted for publication, December 14th, 1982)

ABSTRACT

The analysis of the (1-»4)-a-D-glucopyranosyl transfer-products from some
linear and cyclic substrates by quantitative h.p.l.c. illuminated the mode of action
of the cyclodextrin glycosyltransferases {(1—4)-a-D-glucan:[(1—4)-a-D-gluco-
pyranosyl]transferase (cyclising), EC 2.4.1.19} from Klebsiella pneumoniae M 5 al
and Bacillus macerans. D-Glucopyranosyl transfer, obligatory for maltose (poor
substrate), was preferred for maltotriose (good substrate), The lengths of linear di-
sproportionation-products increased with the lengths of the linear substrates. Cyc-
lodextrins were produced from maltotriose and maltopentaose, but not from mal-
tose. The cyclodextrins were substrates in the absence of acceptors. The cyclodex-
trin transformation started without the formation of detectable amounts of linear
transfer-products. The cyclodextrin composition of long-term digests was nearly
the same with all the cyclic substrates, cycloheptaamylose being the main cyclic
compound. The linear carbohydrate was uniformly distributed from maltose up to
at least maltononaose. The enzyme from Bacillus macerans was the least active,
but long-term digests yielded results comparable to those obtained with the enzyme
from Klebsiella pneumoniae M 5 al.

INTRODUCTION

Although interest in the cyclodextrins has increased during the last two dec-
ades' ~*. precise knowledge of the reaction mechanisms and the protein chemistry
of the cyclodextrin glycosyltransferases {CGT. (1—4)-a-D-glucan:[(1—4)-a-D-
glucopyranosylltransferase (cyclising). EC 2.4.1.19} was hitherto incomplete. The
reversible (1-—4)-a-D-glucopyranosyl transfer-reactions characteristic of these en-
zymes, involving cyclisation, coupling, and disproportionation, are well
known*~'". As shown for the CGT from Klebsiella pneumoniae M 5 al, maltosac-
charides having chain lengths of 16-80 D-glucopyranosyl residues are necessary for

0008-6215/83/% 03.00 © 1983 Elsevier Science Publishers B.V.



iv

H BENDER

maximum cvclisation rates. indicating a dependence on the heheal conformation ot
the substrate” . a-D-Glucopyranose, maltosacchanides, «-  or B-D-gluco-
pyranosides, and some other sugars can serve ds acceptors lor the coupling reac-
von. Once tformed. the lincar chains are homologised. Chains of sufticient length
are substrates for cyclisation. Cyelisation and disproportionation oceur simultane-
ously with all the substratcs assayved. confirming the close relationship between the
reactions’ ©,

Detailed study of the reaction mechanisms has been hampered by a lack ot
suitable assay methods. We now describe the quantitative analysis by h.p.l.c. of the
transfer products formed from some linear and cyclic substrates by CGT from
Klebsiella pneumoniae M 5 al and from Bacillus macerans.

Materials. —— CGT from Klebsiellu pneumoniae M 5 al was isolated from the
culture filtrate of continuously grown bacteria, and purified as previously de-
scribed’” . CGT from Bacillus macerans was a gift from Protessor Szejtli
(Budapest, Hungary). Glucoamylase [(1—4),(1—6)-a-D-glucan:glucohydrolase,
EC 3.2.1.3; Aspergillus niger; 14 U/mg of protein| and the D-glucose test-kit GOD-
Perid were obtained from Boehringer. Maltose (for biochemical purposes) was
purchased from Merck. maltotriose was prepared’™ ' from pullulan digested with
pullulanase [pullulan:(1—6)-glucanohydrolase, EC 3.2.1.41]. and maltopentaosc
from cyclohexaamylosc-maltose digests with CGTH" The maltosaccharides were
purified by preparative h.p.L.c. The cyclodextrins were isolated trom starch digests
with CGT. and purified as described'”. All other substances were commercial ma-
terials of the highest puritv available.

Analytical methods — Total carbohydrates were determined with an-
throne'™'” and reducing aldehyde groups with the Nelson reagent™. Average
chain-lengths were calculated™ as the ratios of total carbohydrate to the reducing
carbohydrate. both in glucose equivalents. Protein was determined by the biuret
method™", and glucose with D-glucose oxidase™.

H.p.Lc. was performed on Waters uBondapak-NH. columns (3.9 » 300
mm), using acetonitrile-water (65:35) at 1 5 mL/min (1,200 p.x.a . 25%), with re-
fractometric detection; 20 uL of each digest was injected. The carbohydrate con-
tents of the clution peaks were caleulated by planimetry. and calibrated with G-
G (glucose-maltopentaose ) and ¢G—Gy (cyclohexa-, cvclohepti-, and cveloocta-
amylose). The h.p.l.c. method allowed the detection’! ot chains ap to G,. and
cGq—<Gy were eluted together with G4~G,,. The amounts of G,. Gs. and G, were
calculated from those of the neighbouring shorter and longer chains. The cyclodex-
trin digests contained equal amounts of G.. Gs. and GG, It could be expected.
therefore. that G -G,, would be of the same order. For controf purposes. the car-
bohydrates of the h.p.l.c. peaks of cG4~G, and cG—Gs were collected. and, after
evaporation of the acetonitrile and addition ot 50 L of 20mM acetate buffer (pH
5.4). they were digested with glucoamylase (c¢G,, and ¢G- are not substrates for the
fungal enzyme™). The resulting glucose values agreed well with those calculated
for the non-cyclic compounds from the h.p.l.c. data. Accordingly. the amounts of
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cyclodextrins could be calculated from the differences of total peak carbohydrate
and the linear-chain carbohydrate. The digests of G,~Gs contained decreasing
amounts of chains G,—G ;. A plot of the area of carbohydrate peaks versus chain
lengths indicated the cyclodextrins eluted together with GGy

Performance of the digests. — Each 1-mL sample of the substrate solution in
10mM Tris—HCl bufter (pH 7.2 for the CGT from Klebsiella pneumoniae M 5 al) or
in 10mM acetate buffer (pH 5.4, for the CGT from Bacillus macerans). containing
SmM CaCl,, was incubated with 50 ug (for the CGT from Klebsiella pneumoniae)
and 80 ug (for the CGT from Bacillus macerans) of protein at 30° for 40 h. The ini-
tial substrate concentrations (water-free carbohydrate) were 90 (G,), 60 (G;), 30
(Gs). and 25mM (cG—Gy). For h.p.l.c. analysis, 20 uL of the digests were with-
drawn at intervals.

RESULTS AND DISCUSSION

The specific activities of the CGTs from Klebsiella pneumoniae M 5 al and
Bacillus macerans, determined by the Kitahata method>® and by the optical assay
for the initial cyclisation rate®’, are summarised in Table I. The enzyme from Bacil-
lus macerans was the least active. Inhibition by iodine®® was unlikely, because the
(1—>4)-a-D-glucopyranosyl chains (lower activity) contained less iodine than the
glycogen (higher activity). As calculated from published data'*-**2" the molar
catalytic activities (cyclisation reaction, starch, 30°) are 247 kat/mol for the CGT
from Bacillus macerans (mol. wt. 145,000, dimeric), and 183.6 kat/mol for the CGT
from Klebsiella pneumoniae M 5 al (mol. wt. 68,000, monomeric). Accordingly,
the Bacillus macerans enzyme used for the present studies®' differed from those de-

TABLEI

SPECIFIC ACTIVITIES OF THE CGT FROM Klebsiella pneumoniae M 5 al AND FROM Bacillus macerans DETER-
>
MINED BY THE KITAHATA METHOD®, AND THE OPTICAL ASSAY FOR THE INITIAL CYCLISATION RATE*"

Assay CGT from
K. pneumoniae B. macerans
(Ulmg of protein)
Kitahata 1611 560 (34.7%)
Irutial cyclisation rate
Glycogen 126 328 (26.3)
(1-4)-a-D-Glucopyranosyl
chains (chain length, 16) 260 24.7 (9.5)

“The assays were performed in Tris—-HCI buffer (pH 7.2, Klebsiella pneumoniae CGT), and in acetate
buffer (pH 5.4, Bacillus macerans CGT), both containing SmM CaCl,. bpercent of activity determined
for the Klebsiella pneumoniae CGT.
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scribed by other researchers. In addition. it did not cause cvehisation at pH >6.5.
Using sufficiently high concentrations of enzyme and pH 5 4, the composition of
the mixture of transter products was similar o that obtamned with the CGT trom
Klebsiella pneumoniac.

Transfer products from linear substrates — Maltose (G} was ™ a poor sub-
strate for the CGTs. Since it contains only one (1—4)-¢-D hnkage. oaly D-gluco-
pyranosyi groups can be trinsferred (2Ga—Giy 4 G): >80 of substrate was pre-
sent as D-glucose atter meubation for 30 h with the CGT trom Alehsicllu
preumoniae M S al or Buctllus macerans (Fig 1B,C). The amounts ot linear dis-
proportionation-products decreased rapidly with inerease i chain fength (Fig
2A): the high concentrations of D-glucose and smaller mialtosaccharide s prevented
the formation of chains >G., and. hence, cyddodestrins were not produced

Maltotriosc (G:) was a good substrate tor each CGT. From this sugar. mal-
tosyl (2G +—Cis + Gy) or D-glucopyranosyl groups (205G, + G-} can be trans-
ferred. Only traces of D-glucose and larger amounts of maltose were tormed after
incubation tor 3 h. indicating that D-glucops runosyl transter was preterred (Fig
3C) Presumably, the substrate binding-site of the enzyine s more specific tor the
maltosyl group than tor the D-glucopyranosyl group, which would explain why mal-
tose s a poor substrate but an excellent acceptor®, Durning short-term incubation.
larger amounts of maltohevaose and maltooctaose could be detected by hop i e
Prolonged incubation yiclded higher amounts of D-glucose. and chamns at least up
to Gy (Figs. 2B and 31) Due to the longer disproportionation-praducts. = 6f¢
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Fig 1 Hplc of the transder products atter mcubation (30 h, 304) ot G: (A)ywith CG T trom Klebsiellu
prctimonige M S al (B) and Bur s macerans 1C) 20 1 of each digest was miected s | \permen-
tal)
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Fig. 2 Molar distnbution of linear chams after mcubation of G» (30 h, A1), G; (20 h, B2}, and G; (20
h, B3) with the CGT from Klebsiella prneumonige M 5 al and Bacillus macerans See Experimental for
the calculation of the chain concentrations.

TABLE Il

YIELDS OF CYCIIC TRANSFER-PRODUCTS FROM SOME LINEAR AND CYCLIC SUBSTRATES BY THE CGT FROM
Klebsiella pneumontae M 5 al’

Substrate? Time Total GGGy Molar rano
(30°) carbohydrate  (mmolimol of ¢(GeacG7.0Gy
(h) (%) substrate )t
Gy 20 7.6 19 3,144 — o
Gs 20 31 110,97.17 1:0.88:0.13
¢Gy 15 75.9 205,388.77 1-1.89:0 37
¢Ge, 30 40.5 144,184,31 1:13:0.22
¢G5 40 58.7 186,344 48 1.185-0.26
cGy 0 635 229.407.76 1:1.8:0.33
cGy + G 20 41.2 140,199.36 1.1.42:0.26
¢Gy + G3 30 41 136.,256,30 1:188:0.22
cGg + G 20 48 4 140,263,38 1:1.88:0.27

“The digests were performed in 10mm Tris-HCI buffer (pH 7.2. containing 3mM CaCls). The concentra-
tion of the CGT was S0 pg of protein/mL. “The intial concentrations of substrate were 60 (G3). 30 (Gs).
and 25mm {cyclodextrins). “The amounts of cyclic compounds were determined by quantitative h.p.l.c
“The acceptor concentration was 10mM,
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TABLE I

YIELDS OF CYCLIC TRANSFER-PRODUCTS FROM Gy AND THE CYCLOBE XTRINS BY THE (G EROM Baerlllus
rmacerans’

Substrate” T'ime Total 0 GaeGy Molar rain
(307 carbohvdrate  (mmolimol ot RO FERE TN
{1} e suhstrate )t
G, 30 N3 25402 55— -
cG,, 40 453 137,214,34 P EAT 2
cG- B RNV 173,308 43 PN AN
il

Gy 10 0.6 204,203 1

44005

“The digests were performed in [0mM acetate butfer (pH 3 4, contamning Sma ¢ aClyy Phe concentra-
tion of the CGT was RO ug of protein'ml.. "The mmitial concentrations of substrate were 60 (Cry) and
25mn (eyclodextrins) ‘The amounts of cvehe compounds were determined by quantitaine h p b

(Klebsiella pneumoniae CGT) and 8.26% ( Bacillus macerans CGT) ot the substrate
was cyclised (Tables IT and IIT).

Because of the larger size of the substrate, and the higher probablity of
longer disproportionation-products, more cyclodextrins should be produced with
maltopentaose {Gs). Indeed, 31% of the substrate was cvclised after incubation for
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Fig 3. H p l.c ot the transfer products obtained after incubation (304) tor 20 nun (B). 3h (C), and 20
h (D) of Gs (A) with the CGT trom Klebsiella preumonae M 5 al, 20 ul. of each drgest was injected
{see Experimental)
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20 h, and the amounts of longer chains (up to at least G,) were larger than those
formed with the smaller substrates (Table I, Fig. 2B).

Transfer products from cyclodextrins. — Although the coupling reaction with
cyclohexaamylose (cGg) and suitable acceptors was studied®, it is questionable
whether the cyclodextrins are attacked in the absence of acceptors™. They proved
to be substrates for the CGT from Klebsiella pneumoniae M S al and Bacillus mace-
rans when sufficiently high concentrations of enzyme were used. The susceptibility
to enzymic attack decreased in the order cG<cGy<cGs.

Coupling reactions with excess of the substrate cG¢ and very low concentra-
tions of acceptor yielded chains long enough to stain blue with iodine, and to re-
trograde from solution®, The amounts of such long chains decrease with increase in
enzyme concentration'’. Accordingly, the enzyme:substrate ratio determines
whether or not amylose-like chains are formed. Using high concentrations of
enzyme, retrograding material could not be detected in the cyclodextrin digests.
The transfer products shown by h.p.1.c. amounted to 90-95% of total carbohydrate
(Figs. 4-6, Tables IT and I1I).

Part of cGg, for example, can be transformed into ¢G; during coupling and
successive disproportionation reactions™. This transformation requires, by dis-
proportionation, the synthesis of chains long enough for cyclisation. However, dis-
proportionation yields a broad spectrum of chains having different lengths. As
shown for cGy and ¢G5, the cyclodextrin transformation started without the forma-
tion of detectable amounts of linear chains (Figs. 4B and 5B). Even after incuba-
tion for 20 h, the concentrations of maltosaccharides were very low (Fig. 4C).

I L

G 1283456 78 8101 1234567 8 9 101112 12356789 10 11 12 13 14
cG 8 678 678 678 678

Time

Fig. 4. H.p.l.c. of the transfer products obtamed after incubation (30°) for 3 h (B), 20 h (C), 30 h (D),
and 40 H (E) of ¢Gy (A) with the CGT from Klebsiella pneumoniae M 5 al: 20 uL of each digest was
injected (see Expernimental).
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Fig 5 Hplo of the transfer products obtamed atter mcubation (304 tor 20 h (B)and #1h(C) of cG-
(A) with the CGT trom Klehsiella pneumonue M 5 al. 20 ul ot cach digest was mjected (see Expen-
mental)
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Fig 6 H.ple¢ of the transter praducts obtamned after incubation (30°) tor 15 by \) and 30 h (B) ot
cGwith the CGT trom Alebstella preumonnte M 5 al, 20 g1 of each digest was njected (swee Fypen-
mental)
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Generally, (1—4)-a-D-glucopyranosyl transfer is initiated by the cleavage of
a glucosidic bond in a chain at the substrate-binding site of the CGT. The part of
the substrate containing the non-reducing end is transferred via HO-1 to HO-4 of
an acceptor bound to the acceptor-binding site®. The cyclisation reaction is only a
special type of this disproportionation, with the non-reducing chain end of one
chain serving as the acceptor. Accordingly, the substrate for cyclisation must be
bound to both the substrate- and the acceptor-binding sites of the enzyme. For the
reverse reaction, a cyclodextrin molecule must be bound to the substrate-binding
site, and the resulting linear chain may be transferred to the acceptor-binding site.
thus serving as acceptor for a successive coupling-reaction. If, for example, cGg or
¢G5 were present at the substrate-binding site and the resulting linear chain was
transferred to the acceptor-binding site, coupling with another cGy or ¢G5 would
yield enzyme-bound G, or G4, which are substrates for cyclisation. Thus, the
linear product must not be released from the enzyme.

The (1—-4)-a-D-glucopyranosyl transfer-reactions catalysed by the CGT are
reversible. Equilibrium constants for the cyclodextrins™, however, cannot be de-
termined precisely. because the concentration of chains long enough for cyclisation
alters continually: 75.9% of total carbohydrate was present as cyclic compounds
after incubation for 15 h with c¢G (Fig. 6A, Table T1). After incubation for 30 h.
the amount of cyclodextrins decreased to 40.5% of the total carbohydrate at the ex-
pense of shorter chains (Fig. 6B, Table II). The composition of the mixture of
transfer products was similar to that of the digests with the cyclodextrins plus added
acceptor (Table IT). Evidently, there was no defined reaction-equilibrium, because
both coupling and disproportionation occurred. If there is an equilibrium of the

Detector response

G 1236678910112 13 14
cG 678
—Time
Fig. 7. H p.l.c. of the transfer products obtamed after incubation (30°) tor 40 h of ¢G; with the CGT
from Bacillus macerans; 20 pL of the digest was mjected (see Experimental). The composition of the
digests with cGeand cGg was nearly identical.
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preumone M 3 al (A) and Bacillus mucerans 1By Cunves and 2, LGy, [incubation (303 tor 15 b and
30 h. respectively). curve 3, ¢z and <Gy, [incubation (UT) tor U b, the chain composttion was amias
tor both digests]. cunve 4 <Gy, and <Gz [incubation (30°) tor Hh|, cunve S, oG menbaten (U3 for 40
h] See Fypenmental tor the calculation of the cham concentranons

cyclisation reaction between chains >Gy and the cyclodestrins. then the increase
in shorter chains must influcnce the equilibrium.

Because of its lower susceptibility to enzymic attack, cGy was the main cyc-
lodextrin formed from all the cyclic substrates (Tables II and IT). Generally. the
amounts of linear products increased with the time of incubation (Fig. RA, cunes
1 and 2); the average chain-length of the maltosaccharides was 2.8-4.3 The distri-
bution of linear carbohydrates was uniform and, except for D-glucose, similar
amounts (by weight) were obtained from maltose up to at least maltononaose.

The analysis of the long-term digests with the CG Y from Bacillus mucerans

yielded similar results (Figs. 7 and 8B, Table T11). No marhed ditferences easted
between the digests with ¢, €G-, and ¢Gi..
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